Aims Women with heart failure are typically older, and more often have hypertension and a preserved left ventricular ejection fraction as compared with men. We sought to analyze if these sex differences influence the course and outcome of acute heart failure.
Introduction
Women and men show marked differences both in the onset of heart failure and in established chronic heart failure [1, 2] . We recently showed that clinical characteristics of men and women admitted for acute heart failure are also different [3] . Relative to men, women typically more often show features such as hypertension, atrial fibrillation and preserved left ventricular ejection fraction, whereas men usually present with ischemic heart disease, history of myocardial infarction, reduced left ventricular ejection fraction, and specific medical and device treatment [3] .
In previous studies, women admitted for acute heart failure received lower oral and intravenous diuretic doses, had fewer dose increases, lost less body weight during hospitalization, and had a longer length of hospitalization compared with men [3, 4] . However, no studies have specifically focused on differences in dyspnea relief and changes in general wellbeing between men and women admitted for acute heart failure.
Here, we investigate sex differences in early and persistent dyspnea relief as well as additional efficacy endpoints, and analyzed patient features and heart failure characteristics in men and women hospitalized for acute heart failure enrolled in the RELAX-AHF study [5] . The RELAX-AHF study tested the effects of serelaxin, a recombinant form of the natural hormone human relaxin 2, vs. placebo on dyspnea relief on top of standard of care [5] , and provided insights into specific effects of serelaxin in acute heart failure [6, 7] .
Patients and methods

Study design, population and treatment
The RELAX-AHF study was a multi-center, double-blind, randomized, controlled trial, comparing the intravenous administration of serelaxin for up to 48 h vs. placebo on top of standard of care. Patients were randomized within the initial 16 h of hospital admission for AHF with congestion and dyspnea, additionally having elevated natriuretic peptide levels, mild to moderate renal dysfunction, and systolic blood pressure [125 mmHg. Notably, patientreported dyspnea improvement was evaluated by the two primary efficacy endpoints of the RELAX-AHF study: first, change from baseline to day 5 in the visual analog scale area under the curve (VAS AUC) and, second, the proportion of patients with moderate or marked dyspnea improvement as indicated by Likert scale ratings at 6, 12 and 24 h (all three), both analyzed by intention to treat [5] . The VAS was a 0-100-mm long scale on which each patient marked the level of dyspnea and the distance from the 0-level of the scale was measured. VAS appropriately allows quantification of within-subject changes of repeated measurements as it has the sensitivity required to measure changes. The 7-item Likert scale is a psychometric instrument for the grading of dyspnea. Patients were asked to rate the degree of improvement in response to therapy within the spectrum of categories ranging from markedly better to markedly worse. Notably, for the patients with available dyspnea Likert assessments, those following death, worsening heart failure or heart failure/renal failure rehospitalization event were imputed as the worst score of the Likert scale as 'markedly worse' (worse Likert score = -3); for the ''Time to Moderately or Markedly Better Dyspnea Through Day 5'' analyses, for patients who died, had worsening heart failure or re-hospitalization due to heart failure, the day was set to 6 days.
Ethics
The RELAX-AHF study was approved by all local Ethics Committees and complied with the Declaration of Helsinki guidelines. Written informed consent was obtained from all patients.
Statistical analyses
1161 patients were randomized in RELAX-AHF [the Intent-to-Treat (ITT) population]. For outcomes with complete data, the analysis included all randomized patients (n = 1161). For other outcomes, cases with missing outcome data were omitted from the analysis under an assumption of missing at random. Missing values in baseline covariates were imputed using treatment-specific medians for continuous variables and treatment-specific modal values for categorical variables. The criterion for statistical significance is p B 0.05 two-tailed for all analyses. Patient baseline characteristics, symptomatic response, diuretic doses, treatment response, and post-discharge outcomes were compared by sex using t tests for continuous variables, Chi squared tests or Fisher's exact tests for categorical variables, and log-rank tests for timeto-event outcomes. Effects of treatment by sex interaction on clinical outcomes were examined using multiple linear regression models for continuous endpoints, logistic regression models for categorical endpoints, and Cox proportional hazards models for time-to-event endpoints. Three-way interaction effects of sex, treatment, and EF status on clinical outcomes were also examined using the same approach. A multi-variable logistic regression model was used to assess the association between moderately or markedly better dyspnea on the Likert scale at 6, 12 and 24 h and selected baseline characteristics, including sex, HFpEF status as defined by ESC-guideline criteria [8] , age, pulse pressure, heart rate, and loop diuretic dose. The effect of treatment by sex interaction on markedly or moderately improved dyspnea at each time point (6, 12 and 24 h) was also estimated using logistic regression models. Repeated measures ANOVA models were used to estimate mean changes in biomarkers (hs-troponin-T, NT-proBNP and cystatin-C) from baseline through day 14, mean changes in patient-reported dyspnea according to visual analog scale from baseline to day 5, and mean total daily dose of IV diuretics (mg) from day 1 to day 5, stratified by treatment and sex. A linear regression model was used to estimate the effects of treatment, sex and their interaction on total dose of IV diuretics from day 1 to day 5. Fisher's exact tests were used to assess the association between treatment and physician-assessed signs and symptoms of congestion at day 2 for each sex. Effects of treatment by sex interaction on physician-assessed signs and symptoms of congestion at day 2 were evaluated using proportional-odds logistic regression models. Kaplan-Meier survival curves for CV mortality through day 180 were generated for all sex and treatment combinations, and compared using log-rank tests. A Cox proportional hazard model was used to examine the treatment effect by sex.
Analyses were performed by the Statistical Analysis Center at Columbia University.
Results
Baseline characteristics
Details of baseline patient characteristics are shown in Table 1 . The RELAX-AHF study comprised 725 men and 436 women. Women were on average 6 years older, had about 10% higher LVEF and a lower proportion of LVEF \40%, and had less frequent ischemic heart disease or a history of chronic heart failure one month prior. Before hospitalization, women had lower NYHA class symptoms and they more often had hypertension, while less frequently being cigarette smokers or showing peripheral vascular disease, asthma, bronchitis, or COPD, myocardial infarction and history of CRT or ICD procedures and implanted devices. Women less often received oral loop diuretics 30 days before study entry and were more often treated with digoxin. Plasma levels of hemoglobin, creatinine, uric acid, troponin and estimated glomerular filtration rate were lower in women, whereas they had higher levels of total cholesterol. There were no significant sex differences in clinical variables or congestion.
Symptomatic response by sex
Details on the symptomatic response by sex are shown in Table 2 and Fig. 1 .
The change from baseline in dyspnea visual analog scale AUC to day 5 primary dyspnea endpoint did not vary by sex. However, there was a significantly higher proportion of women than men with moderate or marked dyspnea improvement measured by Likert scale during the first 24 h, which was the other primary endpoint in RELAX-AHF.
Likewise, the change from baseline in dyspnea visual analog scale score was not different in women compared to men. But there were consistently higher rates of women with markedly or moderately improved dyspnea per Likert scale and higher general wellbeing Likert score values in women, both through 24 h and through 5 days, respectively.
Diuretic doses, treatment response and postdischarge outcome by sex Details on the diuretic doses, treatment response and postdischarge outcome by sex are shown in Table 3 . Women were treated with lower total IV and oral loop diuretic doses through day 5, respectively ( Fig. 2) , but dyspnea improved earlier moderately or markedly through day 5 in women. There were no relevant sex differences regarding changes in neither body weight nor relative body weight, worsening heart failure and outcome (Fig. 3 
Interaction analyses of differential effects by sex
Physician-assessed signs and symptoms of congestion, such as dyspnea on exertion, orthopnea, edema or rales, did not vary by treatment and sex (Fig. 4) . Moreover, women did not show different outcome than men in any of the analyzed endpoints. Neither did the relationship of sex with outcome vary by treatment with serelaxin, the presence of heart failure with preserved ejection fraction or both characteristics.
Effect of selected characteristics on early dyspnea improvement
A multi-variable logistic regression model was built to assess the association between moderately or markedly better dyspnea on the Likert scale at 6, 12 and 24 h using selected baseline characteristics, such as sex, HF status, age, pulse pressure, heart rate, and loop diuretic dose as covariates (Table 4) . Male sex, age and total diuretic dose showed independent negative association with dyspnea improvement within 24 h.
Changes in biomarkers
The changes of hs-troponin-T, NT-proBNP, and cystatin-C from baseline to day 2, 5, and 14 in men and women are presented in Fig. 5 . Both, men and women, showed a marked early decrease of NT-proBNP levels during the first 2 days of treatment. These levels further decreased in both sexes through day 5 and persisted through day 14. NTproBNP changes were paralleled by increasing levels of cystatin-C in both sexes by day 5 and day 14. The levels of hs-troponin-T decreased through days 5 and 14 in men and women.
Discussion
Marked or moderate early dyspnea improvement using the 7-item Likert scale was seen more often in women admitted for acute heart failure within the first 24 h, and persisted over the first 5 days. These improvements were not paralleled by the VAS-scale assessments. Similarly, The following baseline laboratory variables have been log transformed: alanine aminotransferase, NT-proBNP, troponin T, cystatin-C general wellbeing, using the Likert scale over the first 5 days, improved significantly better in women, but this was not seen when the VAS wellbeing score was used.
Other clinical outcome parameters were similar between men and women, and serelaxin was equally effective in men and women.
Dyspnea improvement by sex
Dyspnea is a complex symptom in patients with acute heart failure. Patient-reported dyspnea relief is a clinically meaningful treatment goal because persistent dyspnea is associated with adverse outcome [9, 10] . It is advocated as a patient-relevant endpoint for heart failure trials by regulatory authorities [11] . Therefore, our findings that women have a greater early dyspnea relief may be of clinical relevance. Although this difference could likely be explained by factors related to female sex, such as hypertension and heart failure with preserved ejection fraction (HFpEF), our multivariable analysis showed that female sex was an independent predictor of early dyspnea relief. No sex differences in dyspnea relief between men and women were found in a post hoc analysis of the PROTECT pilot study. However, patient numbers were small and no adjustments for preserved left ventricular ejection fraction were made [12] . Comparable studies of early dyspnea relief in acute heart failure patients have not considered sex as covariate [10] . The underlying cause of our findings is likely multifactorial. Remarkably, more intense dyspnea relief in women occurred despite using lower total IV and oral loop diuretic doses and less weight loss through day 5 in women compared to men, and comparable drops of NT-proBNP values were seen in both sexes. These findings can be explained pathophysiologically by a typical mechanism of cardiac decompensation in women, which is frequently caused by fluid redistribution and related to the higher proportion of HFpEF and hypertension among women [13] . In this context, the slightly higher proportion of women being treated with intravenous nitrates during the first days of treatment could have favored the faster improvement of dyspnea in women. However, the absolute numbers of patients who were treated with intravenous inotrope/vasoactive medication were relatively low and it appears unlikely that this fully explains the differential dyspnea response by sex.
Theoretically, the higher rates of concomitant pulmonary disease, such as asthma, bronchitis, or COPD, in men, might have negatively affected dyspnea response in men. However, patients with relevant severity of these diseases were not included in the trial based on the exclusion criteria. Also, less diuretic treatment and less weight loss could be required in women to reach comparable outcome and better symptomatic relief. It is evidenced by trial results and registry data in acute heart failure that the overall outcome does not differ between men and women despite significantly lower diuretic doses and less absolute weight loss [3, 14] . It should be noted that all measured surrogates of congestion at baseline, such as edema, orthopnea, jugular venous pressure, dyspnea on exertion, and rales, were well balanced between men and women. Thus, it might be speculated that different symptom perception per se is responsible for the higher rates of moderate to marked dyspnea relief in women over men. Alternatively, underlying pathophysiological differences in fluid distribution may have translated to differences in symptoms. An acute cardiovascular, hypertensive type of failure has been proposed as subtype of acute heart failure [13] . It is common in the elderly, patients with history of hypertension, and women, and is characterized by preserved left ventricular ejection fraction [13] . In this type of heart failure, ventricular and vascular stiffness play important pathophysiological roles, with a vulnerability to any disorder of fluid balance, resulting in a rapid increase of vascular resistance, blood pressure and increased pulmonary pressure [13] . Notably, the increase in pulmonary arterial pressure and the pulmonary capillary wedge pressure was previously identified as major determinants of dyspnea in an analysis of the hemodynamics of acute heart failure patients [15] . Because data from community dwelling subjects have proven that women have greater aortic stiffening and lower total arterial compliance than men [16] , it might be speculated that rapid changes of intracardiac and intrapulmonary pressures as surrogates for dyspnea depend, to a greater extent, on changes of vascular volume load in women than in men. This could explain why early vasoactive and decongestive therapy might have more intense effects in women than in men, and that this could translate into differences in perceived dyspnea relief. These effects are more likely to be pronounced early during standard treatment, when the most intense reduction of vascular resistance and ventricular afterload is usually seen in acute heart failure patients [15] . The question why marked or moderate early dyspnea improvement was seen more often in women using the 7-item Likert scale and not by the VAS-scale assessments could be due to the different aspects that are covered by the two different measurement scales. Notably, the Likert scale was used to assess early (6-24 h) dyspnea relief, whereas the VAS-scale was used to quantify persistent dyspnea relief by the change in VAS area under the curve (VAS AUC) through day 5, as specified in the study protocol [17] . The MEASURE-HF study indicated that the Likert scale categories reflect initial improvement relative to the baseline status without capturing relevant improvement at later timepoints; contrarily, VAS scores of dyspnea improved steadily [18] . Likert scale assessment emphasizes the change of perceived dyspnea compared to the most severe symptom sensation at baseline. The effect is more clearly measurable as an improvement on its categorical scale with higher initial symptom severity, but it is increasingly difficult to be captured as more time passes by. VAS scores capture the particular instantaneous state of dyspnea on a continuous scale individually at different timepoints. However, it is noteworthy that a trend towards higher change from baseline VAS score (mm) in women compared to men was detectable at the time points 6 and 12 h and after 1 day (p = 0.0933, p = 0.0518 and p = 0.0701, respectively) which also translated to a trend toward higher change from dyspnea VAS AUC (mm 9 h) from day 1 to day 5 (p = 0.0938) in women.
Serelaxin effects in men and women
Although relaxin is commonly known to exert various biologic effects in women during pregnancy [19, 20] , data on sex-specific cardio-vascular effects are scarce. Debrah et al. demonstrated in a rat model that recombinant relaxin increases cardiac output and reduces arterial load in both male and female rats [21] . In a recent subgroup analysis, it was shown that serelaxin was equally effective in men and women [22] . The results of our interaction analyses confirm that sex does not modify the effects of serelaxin on dyspnea relief and/or any death-or rehospitalization-related outcomes in men and women. 
Limitations
All limitations of retrospective subgroup analyses apply to our study. No hypotheses regarding sex differences have been pre-specified, the ratio of men to women is unbalanced and, thus, our results could be biased. All results only have a hypothesis-generating character. The great majority of the women were white (i.e., 95%), so that results are not generalizable to black women, an increasing proportion of the heart failure population with high likelihood for poor outcomes. Also, validation of the VAS and the Likert scale in acute heart failure is largely based on data from men and lacking sex-specific validation.
Conclusion
Women exhibit better earlier dyspnea relief and improvement in general wellbeing as compared with men, even adjusted for age and left ventricular ejection fraction.
However, in-hospital and post-discharge clinical outcomes were similar between men and women. 
Appendix
See Tables 5 and 6 . a Interaction p value comes from multiple linear regression models for continuous outcomes, logistic regression models for categorical outcomes, Cox proportional hazards models for time-to-event outcomes Table 6 Interaction analysis of sex, treatment, and HF interaction (unadjusted) (n = 1091) 
